Niobium metal forms two kind of hydrides, NbH and NbH 2 , by hydrogenation, and the corresponding plateau region appears at low and high hydrogen permeable regions in the PCT curve of the Nb-H system. However, alloying effects have never been investigated in this system. In the present study, alloying effects were firstly investigated with various binary Nb-3 mol%M and Nb-5 mol%M alloys. Here M's were 4d transition metals, Zr, Mo, Ru, Rh and Pd, all of which were soluble in bcc Nb. The stability of each hydride was found to be varied with the addition of a small amount of alloying elements into niobium metal. For example, the (NbH) phase became most unstable by the addition of Ru, whereas (NbH 2 ) phase became most unstable by the addition of Mo. These data will be useful for the design of hydrogen permeable niobium-based membranes.
Introduction
Palladium-based membranes with high permeability of hydrogen have been practically used for hydrogen purification. Hydrogen purified by passing through the membranes has been provided to the manufacture of semiconductors. Such high purity hydrogen is also needed in fuel cells. However, palladium metal is so expensive that there is a great demand for the development of new palladium-free membranes. Recently, special attention has been directed toward the 5A group metals in the periodic table such as vanadium, niobium and tantalum, because of their higher hydrogen permeability than palladium. 1, 2) In particular, niobium possesses the highest hydrogen permeability among these metals. But niobium and its alloys form readily the hydrides, resulting in poor resistance to hydrogen embrittlement. 3) Therefore, it is needed to suppress the formation of hydrides by controlling the stability of the hydrides in some ways.
The purpose of this study is to get information of controlling the hydride stability by alloying. Following the phase diagram of Nb-H system, 4) niobium metal forms two kinds of hydrides, NbH ( phase) and NbH 2 ( phase), by hydrogenation below 361 K, and two plateaus are observed in the corresponding hydrogen pressures regions in the PCT curve. [5] [6] [7] However, to the best of our knowledge, the alloying effects have never been investigated on the stability of the niobium hydrides. So, in the present study, the PCT (pressure-composition-isotherm) measurements have been performed experimentally at both high and low hydrogen pressure regions, in order to investigate the alloying effects on the stability of the and the phases.
Experimental
The purity of raw materials used in this experiment was 99.9% for Nb and higher than 99.9% for other alloying elements, M, where M's were Zr, Mo, Ru, Rh and Pd. About 10 g button ingots of Nb-3 mol%M and Nb-5 mol%M alloys were arc-melted and then homogenized at 1573 K for 86.4 ks under a high purity argon gas atmosphere, followed by quenching into cold water. The chemical compositions of the alloys were determined by the fluorescent X-ray analysis, and the results are listed in Table 1 . According to the X-ray diffraction experiment, any extra peaks other than the bcc reflections were not observed, so all the alloys were supposed to consist of a bcc single phase, in agreement with the binary phase diagram.
The button specimens were first cold rolled and then cut into a plate, and subsequently polished chemically to remove surface oxide layers. Then, each specimen was activated for hydrogenation. Namely, the specimen was set into a capsule of the Sieverts-type apparatus. The capsule was first evacuated at room temperature for 1.8 ks and then heated up to 723 K. Subsequently, hydrogen of about 8 MPa was introduced into the capsule and held in this condition for 1.8 ks. Then, it was slowly cooled down to room temperature. This procedure was repeated 2 or 3 times. Then, the capsule was cooled down to 195 K and held at the temperature for 43.2 ks while keeping the hydrogen pressure of 8 MPa. The whole procedure was repeated several times. Finally, hydrogen in the specimen was released as much as possible by Table 1 Chemical compositions of the alloys used in this study (mol%).
Alloy
Zr
holding it at 723 K in vacuum of about 5 Â 10 À4 Pa for more than 14.4 ks, and then it was cooled down to 313 K for the measurement. The PCT measurements were performed at 313 K at high hydrogen pressures using an ordinary Sievertstype apparatus in order to evaluate the stability of the (NbH 2 ) phase.
On the other hand, the PCT curves at low hydrogen pressures were measured using an electrochemical method 8) in order to evaluate the stability of the (NbH) phase. In this case, the activated specimen was hydrogenated again at room temperature by introducing hydrogen of about 0.7 MPa. Then, the hydrogenated specimen was put into a Pd capsule under a highly purified argon gas atmosphere and completely sealed by welding both ends of the capsule. Then, hydrogen in the specimen was released by holding the Pd capsule at 673 K in vacuum of about 5 Â 10 À4 Pa for more than 21.6 ks. The PCT curves at low hydrogen pressure were measured using the following electrochemical cell. 8) 
The hydrogen pressure was estimated from the electromotive force (EMF) between the standard and the sample electrodes following the Nernst's equation. Hydrogen was introduced into the sample cell by the electrolysis charging method. The PCT curves of vanadium alloys were measured successfully with this method. 9) Further detailed explanation of the method is given in Ref. 8 ).
Results and Discussion

Alloying effects on the hydriding properties at high hydrogen pressures
The PCT curves were measured at high hydrogen pressure regions in the course of hydrogen desorption at 313 K. The results of the PCT curves are shown in Fig. 1 for Nb-3 mol%M and Fig. 2 for Nb-5 mol%M alloys. A clear plateau was observed in the PCT curve for pure Nb. In this plateau region, both the (NbH) and the (NbH 2 ) phases coexist. For alloyed Nb, such a plateau was still observed in each curve, although the position and the width of the plateau varied depending on alloying elements. It was evident from these figures that the plateau pressures changed by the addition of a small amount (3-5 mol%) of alloying element, M. In other words, the stability of the (NbH 2 ) phase was modified by alloying.
The changes in the plateau pressures with alloying elements are summarized in Fig. 3 . The measured plateau pressure for pure niobium was quite similar to the previous result reported by Reilly et al. 7) as shown in Fig. 3 . Also, the plateau pressure decreased significantly by the addition of Zr, indicating that the Zr addition stabilized the (NbH 2 ) phase. On the other hand, all the other alloying elements, Mo, Ru, Rh and Pd, increased the plateau pressure to some extent, indicating that the stability of the phase became unstable by alloying these elements. Among them, the Mo addition made the phase most unstable.
The changes in the plateau pressures with the alloy composition are shown in Fig. 4 . There was a tendency that the logarithm of the plateau pressure increased with increasing amount of alloying elements.
The present results may be discussed in the light of the results of bcc V. In our previous study of bcc V, 10, 11) the charge transfer from alloying element, M, to hydrogen was shown to be one indication of the hydride stability. Namely, the hydride tends to become more stable with increasing amount of the transferred charges between M and H. This may be also the case of the present bcc Nb, since the transferred charges may decrease in the order, Zr(1.33) > Nb(1.6) > Mo(2.16) > Ru(2.2) ¼ $ Rh(2.28) ¼ $ Pd(2.2), judging from the electronegativity values of elements shown in parentheses. For example, charge transfer may take place most significantly in the Nb alloyed with Zr, resulting in the formation of the most stable hydride in it. On the other hand, the similarity in the electronegativity values among Ru, Rh and Pd may lead to the similarity in the hydride stability and hence in the plateau pressures as shown in Fig. 3 . Further study of electronic structure calculations of the hydride is needed to confirm this presumption.
Alloying effects on the hydriding properties at low hydrogen pressures
The PCT curves of Nb-5 mol%M alloys were measured at low hydrogen pressure regions in the course of hydrogenation at 343 K, and the results are shown in Fig. 5 . As shown in this figure, the PCT curves were modified largely by the addition of a small amount of alloying elements, M. A clear plateau was observed only for pure Nb. For the alloyed Nb, the curve was somewhat inclined or showed a small plateau-like region. This was in contrast to the results measured at high hydrogen pressure regions shown in Figs. 1 and 2 .
The values of the hydrogen pressure at H/M=0.2 are presented in Fig. 6 together with the heat of hydrogen dissolution in pure M metals, ÁH. 12) The hydrogen pressure became highest in case of the Ru addition, indicating that the Ru addition made the phase most unstable among the 4dtransition metals. Also, the hydrogen pressure curve resembled the ÁH curve. This trend of the hydrogen pressure change with M measured at low hydrogen pressure regions is, however, different from that measured at high hydrogen pressure regions shown in Fig. 3 .
Also, as shown in Fig. 5 , the solubility of hydrogen in a terminal niobium solid solution was highest by the addition of Zr, but lowest by the addition of Ru, which was consistent in some ways with the hydrogen pressure change with alloying elements shown in Fig. 6 . In addition, the hydrogen content in the (NbH) phase was lowered significantly by alloying. In fact, it was much lower, compared to that in the (V 2 H or VH) phase in bcc V. 13) However, the reason is not clear, because information of the crystal structure of the phase in bcc Nb is rather limited at the moment.
Similarly to the phase phase, the alloying effect on the stability of the phase may be treated using the charge transfer between M and H. Such an approach was indeed valid in bcc V, 11) since the hydrogen pressure increased in the order, Ti < V < Cr < Mn < Fe < Co < Ni, following the order of the electronegativity values of elements as well as the order of elements, M, in the periodic table. However, in case of the present bcc Nb, a peak of the hydrogen pressure appeared at Ru, without matching the order of the electronegtivity. Thus, the present result was not able to be interpreted along this approach alone. Furthermore, for the design of hydrogen permeable niobium-based membranes, it is needed for hydrogen embrittlement to be suppressed greatly by alloying. From this viewpoint, the candidate alloying elements may be Mo and Ru, both of which destabilize the (NbH) and (NbH 2 ) phases. Besides the hydrogen embrittlement, important is the atomic diffusivity change with alloying elements, and this study is now underway.
Conclusion
The alloying effects on the stability of the (NbH) phase and the (NbH 2 ) phase were investigated experimentally with various binary Nb-M alloys. It was found that the phase stability of these hydrides changed largely with a small amount of alloying elements. Also, the alloying effects on the hydride stability was different between the (NbH) and the (NbH 2 ) phases.
